A recent study of the divergence times of the major groups of organisms as gauged by amino acid sequence comparison has been expanded and the data have been reanalyzed with a distance measure that corrects for both constraints on amino acid interchange and variation in substitution rate at different sites. Beyond that, the availability of complete genome sequences for several eubacteria and an archaebacterium has had a great impact on the interpretation of certain aspects of the data. Thus, the majority of the archaebacterial sequences are not consistent with currently accepted views of the Tree of Life which cluster the archaebacteria with eukaryotes. Instead, they are either outliers or mixed in with eubacterial orthologs. The simplest resolution of the problem is to postulate that many of these sequences were carried into eukaryotes by early eubacterial endosymbionts about 2 billion years ago, only very shortly after or even coincident with the divergence of eukaryotes and archaebacteria. The strong resemblances of these same enzymes among the major eubacterial groups suggest that the cyanobacteria and Gram-positive and Gram-negative eubacteria also diverged at about this same time, whereas the much greater differences between archaebacterial and eubacterial sequences indicate these two groups may have diverged between 3 and 4 billion years ago.
In theory, past biological events can be reconstructed on the basis of present-day macromolecular sequences. Certainly, the assignment of organisms to various biological groups on the basis of ribosomal or protein sequences has been largely successful. Attaching absolute time scales to phylogenetic trees has proved more troublesome, however. As a case in point, we recently reported the results of an analysis of 531 amino acid sequences from 57 different sets of enzymes drawn from 15 different biological groups (1) . We had aligned the 57 sets of sequences, determined how similar they were from group to group, and calculated evolutionary distances based on those similarities. The distance data were calibrated on the basis of divergence times drawn from the fossil record, and extrapolations were made to estimate the divergence times of more distantly related groups. The data were also used to compute an overall phylogeny for these same groups. The most provocative finding was that the divergence time between eukaryotes and eubacteria was, after various corrections, only slightly more than 2 billion years ago.
The results were harshly criticized by others on a number of counts. Some felt that it was unreasonable to extrapolate so far backwards in time on the basis of, mostly, the vertebrate fossil record (G. Olsen, quoted in ref. 2) . Others felt that the distance value calculations did not take sufficient account of variations in the rate of change at different amino acid locations (3) (4) (5) . Concern was also expressed that the data were corrupted by the presence of sequences imported during the endosymbiotic acquisition of organelles (4) . A pervading thought in all the criticism was that the divergence time between eukaryotes and eubacteria had to be greater than 3.5 billion years because of the occurrence of microfossils that have been undisputedly dated to 3.45 billion years ago and that reportedly resemble modern cyanobacteria (6) .
In a recent response to these criticisms, we showed that even with the use of rigorous methods for correcting for site variation, the data yielded divergence times for eubacteria and eukaryotes of 2.5 billion years or less, if it was assumed that that the plant-animal divergence was 1 billion years (7) . In support of this finding, Adkins and Li (8) , using a subset of the same data and an algorithm that takes account of site variation, found a value of 2.2 billion years, again presuming the plantanimal divergence was 1 billion years ago.
We have now completed a comprehensive updating of the enzyme sequence data set, the emphasis being on increasing the number of sequences from the more under-represented biological groups, including those used in the fossil recordbased calibration. At the same time we employed a method of calculation that rigorously corrects for site variation (9) . Indeed, the additional data and the improved methods of calculation have led to some significant changes. The greatest impact was the result of having access to the total genomic sequences of several eubacteria and particularly an archaebacterium (10) . In our initial effort (1), archaebacteria were represented in only 9 of the enzyme sets, and at the time we noted there were anomalies among them. In the updated data set archaebacteria are represented in 34 of the 64 enzyme sets. Remarkably, the majority of phylogenies calculated with these newly available sequences are not consistent with current notions about the Tree of Life in that the archaebacterial sequences are either outliers or mixed in with eubacterial orthologs. Clearly, the matter of finding divergence times for eukaryotes, archaebacteria, and eubacteria is dependent on the assumed branching order of these groups.
We have addressed the problem by considering the data in various sets and subsets, assignment being strictly dependent on the phylogenetic trees generated for each enzyme. In this regard, the enzyme sequence sets were categorized according to the presence or absence of an archaebacterial representative, and, if present, on its position in the sequence-based phylogeny. These groups were employed judiciously according to the particular task at hand. Thus, all 64 sets were used for determining divergence times of the various groups of eukaryotes, but only certain sets were useful for determining the divergence times of eukaryotes and archaebacteria.
The following three assumptions formed the framework for the analysis. First, it was assumed that the standard model for the Tree of Life, which has eukaryotes as a sister group to or emerging from the archaebacteria, is correct (11) (12) (13) (14) (15) (16) (17) . Second, it was assumed that a major importation event involving the transfer of genes from a eubacterium into the eukaryotic lineage occurred either shortly after or as part of the invention of eukaryotes (14, 18) . Third, it was accepted that genes have been exchanged between eubacteria and archaebacteria on numerous occasions (19, 20) . Given these conditions, all the data could be applied in a proper setting.
Thus, the divergence times of the principal groups of eukaryotes were determined with all 64 enzymes sets (481 sequences from eukaryotes) without regard for the divergence of eukaryotes from archaebacteria or eubacteria. These divergence times were obtained both by simple extrapolation, on the one hand, and by construction of phylogenetic trees, on the other, the latter having the advantage of accommodating different rates of change for different lineages. In this regard, the full set of eubacterial sequences was used as an outlier for purposes of rooting the eukaryote tree, but not for determining the eukaryote-prokaryote divergence time.
Similarly, the divergence time of eubacteria and archaebacteria was determined without regard to eukaryotic sequences, except for the presumption that the sequences were changing at the same rate as their eukaryotic homologs. Additionally, those sets of sequences that showed clear signs of intergroup transfer between archaebacteria and eubacteria were omitted from the calculation.
The divergence time of eukaryotes from archaebacteria was determined from that group of enzymes that exhibited phylogenies reflecting the standard model of the Tree of Life. In contrast, the timing of the alleged endosymbiotic event that transferred eubacterial genes to eukaryotes was determined with the group of enzymes in which the archaebacterial representatives were the outliers.
METHODS
Sequences. The sequence database used in this study is an expanded form of the 57-enzyme data set used in our earlier work (1) . Seven additional enzyme sets were added that met the minimal criteria of being represented by animals, plants or fungi, and eubacteria, and many more sequences were added to the original set; the total set comprised 823 sequences. The 64 sets of sequences were each aligned by the progressive method (21) in conjunction with the BLOSUM-62 matrix (22) ; phylogenetic trees were constructed as previously described (21) . After alignment, the 64-enzyme set spanned a total of approximately 25,000 amino acid residue positions.
The 34 enzyme sets that had archaebacterial representation were sorted into three classes dependent on the phylogenetic position of the archaebacterial entry. Group A included those enzymes in which the archaebacterial contribution appeared orthodox in that they were positioned nearer the eukaryotes than the eubacteria (Table 1) . Group B was made up of those enzyme sets in which the archaebacterial representatives were the outliers. Group C was composed of those sequences that had archaebacterial representatives mixed in with the eubacteria. In four cases the sequences from halobacteria and methanogens, both archaebacteria, occurred at markedly different positions in the trees. In three cases, the methanogen was the outlier and the halobacterium was mixed in with eubacteria. In another case, the methanogen was close to the eukaryotes but the halobacterium was the outlier. The four anomalies increased the number of comparisons involving archaebacteria to 38.
Calculation of Evolutionary Distances. In our first paper on this subject, we used a simple Poisson relationship in conjunction with similarity measures to calculate the evolutionary distance (23) . Although this treatment corrected for a number of factors, including the nature of amino acid distributions and the liklihood of individual changes, it did not correct for site-to-site variation in the rate of amino acid replacement. We were aware of this shortcoming and had used an after-the-fact correction for the longest distances.
Recently, however, Grishin (9) published an elegant analysis of distance-time relationships and described several equations for correcting various problematic factors, including one that corrects both for the nature of amino acid interchange and for site-to-site variations in rate. In the present study all distances were calculated according to Grishin's formula:
where q is the fraction of unchanged residues and D is the evolutionary distance. We have tested the Grishin relationship in a simulation exercise (24) and found that the calculated distance varies proportionately with the number of evolutionary hits. If anything, the relationship tends to overcorrect; as a result, distributions of distances tend to have long tails on the high side representing the least similar sequence pairs. Accordingly, the longest divergence times were calculated from Table 2 ). The number of enzyme sets available for each point varied, ranging from 45 for the mammalian radiation to a lone entry for the agnatha vs. other vertebrates. In the current calibration we omitted a point based on two echinoderm sequences that had been used in our earlier study (1) , determining that divergence by extrapolation instead.
Because of the importance of the calibration, we examined the data in several ways. In each case, however, distances were calculated individually for each of the enzyme sets and then averaged before plotting against the divergence time based on the fossil record (Fig. 1) . The slopes were then used for the direct calculation of the greater divergence times from distances. All plots were constrained to pass through the origin.
Initially, the six calibration points were used as simple averages, without regard for the number of enzymes represented at each time point; in this case the slope was 0.0891 D͞Mya. In a second set of analyses, the points were weighted according to their representation (i.e., the better-represented points counted more), and the slope was 0.0876. Finally, an ''omit test'' was performed, in which, one at a time each of the time points was omitted from the calculation. None of the omissions resulted in more than a 5% change in slope. In the end we used a slope of 0.088 for all extrapolations.
RESULTS
Eukaryotic Divergences. Eukaryotic divergences were first determined by direct extrapolation using the calculated slope (Table 3 ). In the case of echinoderms, only two of the enzymes were represented, and the divergence time of 590 My is based on slopes calculated from these sequences alone. The deuterostome-protostome divergence, which separates the vertebrate-echinoderm lineage from other animals, was measured at 850 Mya, and the schizocoelome-pseudocoelome divergence, which separates early emerging groups such as nematodes from arthropods, molluscs, and others, is 1050 Mya. Phylogenetic analysis, which adjusts for relative rates of change, shortened the latter two times to 730 and 815 My, respectively (Table 3) .
Also by direct extrapolation, plants and animals last shared a common ancestor about 1,200 Mya, and fungi diverged from either of those groups at about 1,275 Mya. If we assume the protist lineage was monophyletic, then extrapolation puts the protist divergence from other eukaryotes at about 1,550 Mya. The bulk of the 38 protist sequences used in this study were from three genera: Plasmodia (n ϭ 10), Trypanosoma (n ϭ 8), and Leishmania (n ϭ 6). A phylogenetic tree was constructed from the raw distance data used in the direct extrapolation, eubacterial sequences being used as an outlier group to establish a proper branching order. As reported by others (25) (26) (27) and in our previous study (1) , the phylogenetic analysis shows animals and fungi to be sister groups (Fig. 2) . If the extrapolated plant-animal time of 1,200 Mya is used to set the clock (Fig. 2B) , then the phylogenetically determined time for the fungus-animal divergence is 1,130 Mya, the difference between this value and the 1,275 measured by direct extrapolation reflecting an increased rate of amino acid replacement along the fungal lineage relative to plants and animals. The protist divergence time determined from the phylogeny was approximately 1,540 Mya, in accord with the extrapolated value (Table 3) .
Archaebacteria-Eukaryotes. If current views of the Tree of
Life are correct, then only eight of the enzyme sets (group A) could be used for determining the last common ancestor of eukaryotes and archaebacteria. On the average, these eight sets are 42% identical (i.e., q ϭ 0.42) for eukaryotes and archaebacteria, and the extrapolated divergence time is 2,100 My (Table 3 ). In those other cases where the archaebacterial sequences were the outliers, the low resemblance between eukaryote and archaebacterial sequences (31% identical, Table 4) reflects the anomaly attributable to the postulated import of eubacterial sequences into eukaryotes.
Eubacterial Imports. There were 17 enzyme sets in which at least one archaebacterial representative was the outlier (group B). We have interpreted this arrangement as being due to the importation of eubacterial sequences into eukaryotes, most likely as a part of an endosymbiotic capture. Such a shortcircuit would move eubacterial and eukaryote sequences closer together (Fig. 3) . The resemblances of archaebacterial and eubacterial sequences should be unaffected by the import event, however.
The distance between the eukaryote and eubacterial sequences in group B indicates that these sequences are about as similar as are the archaebacterial and eukaryote sequences in group A, implying that the acquisition by eukaryotes of these eubacterial sequences occurred at about the same time as the divergence of archaebacteria and eukaryotes (Fig. 3) . Similarly, the average distances between eubacterial and archaebacterial sequences in groups A and B, as determined from the 8 enzymes sets in group A and the 17 sets in group B, were close to each other (36% and 32% identical, respectively; Table 4 ). The extrapolated divergence time for these levels of resemblance would be between 3,100 and 3,800 Mya (Table 3) .
Divergence of Eubacterial Groups. Taken all together, the sequences from cyanobacteria are slightly more similar to those from Gram-positive bacteria than they are to those from Gram-negative bacteria, although some of the Grampositive sequences, especially those from group A, were more similar to Gram-negative ones. The average degrees of resemblance (45% identity) equate to a divergence time of about 2,000 Mya, if we presume the same rate of change as exhibited by eukaryotes. On the other hand, ribosomal RNA sequences have pinpointed the endosymbiotic origins of mitochondria to the rickettsia branch of purple bacteria, and these divisions must have preceded that occurrence. One explanation is that the eubacterial lineages have been changing more slowly than the eukaryotes. The large differences between eubacterial and archaebacterial sequences puts a limit on how much slower that rate could be. Alternatively, the similarity between the major groups of eubacteria may have been enriched by horizontal transfers between their lineages during the time since they diverged. In either case, the most reasonable interpretation is that the divergences leading to the cyanobacteria, purple bacteria (Gramnegative), and Gram-positive lineages occurred only slightly before the endosymbiotic event, which direct extrapolation puts at about 2,200 Mya (Table 3) .
DISCUSSION
Eukaryotic Divergences. Of all the measurements reported in our earlier paper (1), the divergences of the various eukaryote groups should have been the least controversial. Not only are the extrapolations the shortest, but the average sequence resemblances between the groups are all greater than 50% identical, a level of similarity not much affected by site-to-site variation. So the question arises, why do our results differ from those of other workers who have attempted similar extrapolations recently? In particular, Wray et al. (28) undertook to find the divergence times of principal animal groups based on a blend of amino acid sequences from four mitochondrial-encoded proteins (ATPase 6, cytochrome oxidases I and II, and NADH dehydrogenase subunit 1), three nuclearencoded proteins (␣-and ␤-globins and cytochrome c), and ribosomal RNA. Their divergence time of about a billion years for echinoderms and chordates is considerably longer ago than our time of 590 My, and significantly longer ago than our divergence times for other animal divergences that must have antedated the echinoderm-chordate split. In our view, the difference is mainly attributable to the choice of proteins by Wray and Levinton (28) . Globins, for example, are small, fast-changing proteins with limited usefulness for determining early divergences. Beyond that, the increased rate of change along the invertebrate lineages tends to inflate divergence times found by extrapolation.
Recently, Nikoh et al. (29) measured the divergence times of some animal groups by using two protein sequences (fructosebisphosphate aldolase and triose-phosphate isomerase). On the average, they found that the protochordate amphioxus diverged from other chordates about 700 Mya, longer ago than our divergence time for echinoderms, a group whose divergence must certainly have occurred earlier. Their value could be regarded as support for the conclusions of Wray and Levinton (28), but we would emphasize that our divergence times (Table 3) for deuterostomes from protostomes, on the one hand, and schizocoelomes and pseudocoelomes, on the other, are based on 21 and 9 sets of sequences, respectively, and involve many more amino acid positions than used by either of these groups (28, 29) .
Archaebacteria-Eukaryotes. In our previous report (1) we did not categorize the various enzyme groups with regard to their individual phylogenies. Instead, all archaebacterial distances were averaged, as were all eubacterial distances. If the current standard model of the Tree of Life is accepted, and this is an important if, then only eight of the enzyme sets in our database meet the phylogenetic condition for determining the last common ancestor of eukaryotes and archaebacteria (Table  1) . A number of other proteins not included in our database have been reported to exhibit the ''standard phylogeny,'' however, including elongation factors (15, 16) and RecA protein (17) . Also, a survey of aminoacyl-tRNA synthetase sequences has shown that 7 of 11 of those enzymes not included in our 64-enzyme database also support this phylogeny (R.F.D. and J. Handy, unpublished results). In any event, the average resemblance for the eight archaebacterial and eukaryote enzymes in this group amounts to 41% identity and an extrapolated divergence time of about 2,300 Mya (Table 4) .
Importation. In our last report (1), while allowing that one or two anomalous sequences reflecting organellar import might have crept into our collection, we doubted that the numbers could be significant. This position was based mainly on the fact that the distribution of eukaryote-eubacteria distances was quite uniform, and that analyses in which random sets of sequence were omitted did not affect the outcome. It never occurred to us that the majority of these comparisons might involve imports, as now seems to be the case, although we did specifically comment that in the event the eukaryotic cell was a chimera of a eubacterium and an Table 1 ; two of the enzyme sets were not included because sequences were not available for all bacterial groups). (B) Phylogeny of the same groups determined with 16 of the 17 enzymes sets in which the archaebacteria are outliers (group B in Table 1 ; in the case of lactate dehydrogenase, sequences were not available for all bacterial groups). Average sequence resemblances (% identical) are shown at key divergence points.
archaebacterium, as has been proposed by some (30) (31) (32) (33) , then the time we had measured would reflect that event.
In the interim, several reports have appeared that suggest the importation of eubacterial enzymes into the eukaryotic lineage was indeed a part of the endosymbiotic event leading to mitochondria (14, 18) , and that this must have occurred very early in the evolution of eukaryotes, doubt now being cast on the notion that certain extant amitochondrial eukaryotes diverged before that event (34, 35) .
We have now identified 17 enzymes for which phylogenetic arrangements show the eubacteria and eukaryotes to be sister groups. Many of these enzymes are associated with major metabolic pathways such as glycolysis. As it happens, the sequence resemblances between eukaryotes and eubacteria for these enzymes are about the same as the resemblances observed between eukaryotes and archaebacteria for the group A enzymes (42% and 41% identity, respectively), suggesting that the alleged importation event took place at about the same time or very shortly after the divergence of eukaryotes and archaebacteria (Fig. 3) . Further support for this interpretation is offered by the fact that the eubacterial and archaebacterial sequences from both groups A and B are similarly distant (36% and 32% identical, respectively). In contrast, the sequences of Gram-positive bacteria, purple bacteria, and cyanobacteria are considerably more similar (45% identical on the average) and must reflect a much more recent divergence.
Horizontal Exchanges. With regard to the anomalously mixed phylogenetic positionings of archaebacteria and eubacteria (group C), most appear to have the archaebacteria acquiring genes from eubacteria. In 7 of the 13 cases the data clearly show that an archaebacterial sequence is significantly more similar to some eubacterial sequences than are other eubacterial orthologs. For example, in the case of dihydrolipoamide dehydrogenase, the halobacterium entry is 50% identical with three Gram-positive bacterial sequences, whereas three orthologous sequences from Gram-negative bacteria are only 43% identical to any of the four others.
Additional support for the idea that exchanges have occurred between eubacteria and archaebacteria was afforded by the observation that in four of the enzyme sets the halobacterial sequences differed radically in their phylogenetic positions compared with those from methanogens. A similar mixed situation for these two archaebacteria has been reported for certain heat shock proteins (36) .
In summary, protein sequence comparisons strongly indicate that fungi and animals diverged only a little more than 1 billion years ago, and plants diverged from the animal-fungus common ancestor only a little before that. Comparable protist sequences are, on the average, more than 50% identical with those from later-diverging eukaryotes and should have diverged about 1,450 Mya.
Just over 2,000 Mya, a conjunction of events gave rise to eukaryotes, as reflected in protein sequences yielding two different phylogenetic arrangements. First, the divergence from archaebacteria is chronicled in a set of eight enzymes averaging 41% identity with eukaryotes. Second, the acquisition by eukaryotes of a set of 17 enzymes from eubacteria is supported by phylogenetic analysis and, coincidentally, the same degree of resemblance (42% identity).
Comparison of sequences from 25 appropriate enzyme sets with eubacterial and archaebacterial representation shows them to average 33% identity, a level of resemblance corresponding to a divergence time of 3,200-3,800 Mya, presuming a constant rate of change throughout. This would be the time of the common ancestor of all extant organisms, a much longer time than we postulated in our earlier article (1) . On the other hand, analysis of an equivalent set of enzyme sequences shows that the sequences of cyanobacteria and Gram-positive and Gram-negative bacteria are much more similar (45% identical) to each other than they are to archaebacterial orthologs, these divergences likely occurring 2,100-2,500 Mya, about the same time as the divergence of eukaryotes from archaebacteria and the eukaryotic acquisition of a host of eubacterial enzymes. These observations are not incompatible with reports of the oldest eukaryotes in the microfossil record (37) , and may even accommodate a 2,100 My-old megascopic fossil (38) . They cast serious doubt, however, on whether 3,450 My-old microfossils (6) truly represent modern cyanobacteria.
